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A B S T R A C T
The use of high boiling point additives in solution processing has been widely employed to control the
active layer morphology in bulk heterojunction organic solar cells. The morphology of the heterojunction
is crucial in controlling charge separation and extraction by the electrodes, and therefore the power
conversion efﬁciency (PCE) of the device. This paper presents a study of time-resolved ﬂuorescence
quenching in blends of P3HT containing varying concentrations of the fullerenes PC61BM or PC71BM. The
relationship between the ﬂuorescence quenching rate and fullerene concentration indicates that the
fullerene molecules are dispersed within the P3HT ﬁlm for up to 5% by mass of fullerene. For higher
fullerene concentrations, the additional fullerene molecules aggregate and form fullerene domains. The
high degree of phase segregation observed in these blends is beneﬁcial for solar cell performance because
the segregated fullerene phase provides electron percolation pathways through the blend. The addition
of 1,8-diiodooctane (DIO) to the solutions for spin coating into ﬁlms changes the scale of fullerene
segregation when the ratio by mass of fullerene exceeds 20%. At high fullerene concentrations the rate of
ﬂuorescence quenching decreases in P3HT:PC61BM blends when prepared with DIO indicating a larger
scale phase separation. The effect of DIO on the morphology of P3HT:PC71BM blends is the opposite in
that it causes faster quenching in the blends. Overall the results show that DIO can be used to control the
morphology of photovoltaic blends of P3HT with fullerenes.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Conjugated polymers are promising materials for solar cells.
When incorporated in bulk heterojunction organic photovoltaic
devices, they are capable of producing power conversion efﬁcien-
cies (PCEs) of over 10% [1,2]. Nanocomposite blends consisting of a
conjugated polymer and fullerene derivative are often used as
active layers which are of great potential for solar cells due to being
easily processable from solution. This also allows them to be
inexpensively deposited on ﬂexible substrates at low cost. In
addition, they are lightweight, have a high absorption coefﬁcient
(105 cm1) and ﬂexible [3–5]. Absorption of light by a conjugated
polymer leads to the generation of a bound electron–hole pair
known as an exciton, which must be separated into its constituent
charges in order to produce an electric current. This is achieved by
blending the conjugated polymer – which acts as the donor – with
an acceptor of higher electron afﬁnity, such that the electron is
then transferred to the acceptor. The dissociation of the exciton
occurs at the donor–acceptor heterojunction, so it is important to* Corresponding author. Fax: +44 1334463104.
E-mail address: idws@st-and.ac.uk (I.D.W. Samuel).
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0379-6779/ã 2015 The Authors. Published by Elsevier B.V. This is an open access articensure all light-absorbing sites in the polymer are within reach of
the heterojunction. Therefore the morphology of the heterojunc-
tion interface coupled with knowledge of the exciton diffusion
length (typically on the scale of 10 nm) [6,7] in the polymer are
important parameters in understanding and optimising the rate of
charge generation in organic photovoltaic devices.
Exciton dissociation depends on the shape of the donor–
acceptor heterojunction interface available to the exciton, which is
inﬂuenced by the morphology of the active layer within the device
structure. In many devices, a donor–acceptor bulk heterojunction
is employed in order to be able to optimise the interfacial area [8–
11]. To create a bulk heterojunction, the donor and acceptor are
dissolved in a solvent, and then deposited onto a substrate to form
an intermixed nanocomposite blend with a high surface-area per
volume for the interface. The large surface area of the bulk
heterojunction bears an advantage over a planar heterojunction,
and results in excitons in the donor having an increased chance of
encountering the interface. It is also important, however, that
within a bulk heterojunction, continuous pathways are maintained
such that the separated electron and hole are able to reach the
interface before recombination occurs. These factors are consid-
ered when optimising the morphology of the bulk heterojunction,le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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a phase separated interpenetrating bicontinuous network of the
donor and acceptor in the blend. In this way, the morphology of the
active layer is important in that it determines the rates of exciton
diffusion and charge generation within the device. The molecular
structure within either the donor or the acceptor phase directly
affects light absorption and carrier mobility during the photovol-
taic process, whilst the scale of phase separation between the
donor and acceptor phases – in which domains are formed from
the acceptor phase – controls the surface area of the donor–
acceptor interface at which dissociation of the excitons occurs, and
the distance excitons need to diffuse to encounter an acceptor [9–
12]. Overall, the active layer morphology is seen to crucially impact
the performance of the photovoltaic device [9,10,13–15].
Measuring the morphology is challenging due to the small
lengthscales encountered. Techniques such as scanning electron
microscopy (SEM) and atomic force microscopy (AFM) have
previously been employed to measure the nanoscale morphology
of polymer thin ﬁlms [15,16]. Although such methods have
successfully probed the nanoscale morphology in ﬁlm blends of
other polymers – such as PTB7 – with fullerene, in the case of P3HT,
the possibility of measuring the dimensions of domain networks
formed during phase separation is obstructed by the lack of
variation in the hardness of the constituent materials. This makes it
difﬁcult to distinguish between the donor and acceptor phase and
therefore to make a measurement of their dimensions. Therefore
attention has turned to searching instead for indirect methods for
probing the morphology in a polymer fullerene blend. Research
has demonstrated that the active layer morphology is heavily
dependent on the processing steps and solvents used during the
deposition. Various processing techniques have been developed in
order to control and optimise the morphology. One processing
method used is thermal annealing, which involves heating of the
active layer at a deﬁned temperature (which occurs between 100
and 130 C for P3HT) for a ﬁnite amount of time [17]. Annealing has
been observed to induce separation of the donor and acceptor
phases, with the latter forming domains of approximately 10 nm
[18–21]. It has been shown that thermal annealing leads to an
enhancement in the PCE of devices incorporating P3HT-fullerene
blends [22], due to crystallisation of the P3HT or to an
enhancement in the morphological structure of the ﬁlm with200 30 0 40 0 50 0
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Fig. 1. The absorption spectra for PC71BM (green) and PC61BM (red) and P3HT (dark blue
references to color in this ﬁgure legend, the reader is referred to the web version of thlarger fullerene domains being formed [8,23]. Another method
which has been employed is exposure of the deposited active layer
to solvent vapors [24,25]. Recent research has focused on additive
processing, due to the improvement in power conversion
efﬁciency observed with the inclusion of solvent additives within
the ﬁlm blends [12,26–28]. Processing of ﬁlms with the addition of
1,8-diiodooctane (DIO) has been noted as a successful method for
improving conversion efﬁciency in a bulk heterojunction solar cell,
with an increase in the internal quantum efﬁciency by a factor of 2
having been observed [15,29,30].
In this paper, time resolved photoluminescence is measured in
polymer-fullerene blends of P3HT:PC61BM and P3HT:PC71BM, in
order to study how the rate of exciton harvesting is affected by an
increase in the acceptor concentration. Solar cells with active
layers fabricated from P3HT:PC61BM have demonstrated PCEs of up
to 5% [12]. This paper uses time-resolved ﬂuorescence to
understand the signiﬁcance of morphology within the polymer
fullerene blends on charge generation in the device. The effect of
additive processing on the ﬂuorescence is analysed in order to
understand how the morphology of the donor-acceptor interface –
and therefore the rate of exciton dissociation – is affected.
2. Experimental methods
The materials incorporated within the ﬁlm blends consisted of
P3HT with regio-regularity 91–94% obtained from Rieke Materials
(item number 4002-EE), and PC61BM and PC71BM from Solenne.
Film samples were prepared by spin-coating solutions onto fused
silica substrates. The solutions for spin-coating were made from
stock solutions of P3HT (with concentration 20 mg/ml) and of
PC71BM and PC61BM (each with concentrations 0.2 mg/ml, 2 mg/ml
and 10 mg/ml.) which were prepared in a nitrogen glovebox using
anhydrous chlorobenzene. The stock solutions were stirred
overnight at 40 C. To prepare the solutions for spin-coating into
ﬁlms, the volume of P3HT was ﬁxed whilst the amount of fullerene
solution was varied. Firstly, ﬁlms without additive were spun onto
clean fused silica substrates. Then 3% by volume of 1-8-
diiodooctane (from Sigma–Aldrich) was added to each of the
solutions and stirred for 30 min before spin-coating onto a new set
of cleaned silica substrates. The deposited ﬁlms were then dried for
2 h in an evaporator under high vacuum.60 0 70 0 80 0
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which was sealed inside the glovebox before being removed from
the glovebox for measurement. To detect the effect of solvent
additives in the blends, the rate of exciton dissociation (quenching)
is measured in ﬁlm blends processed with and without additive.
The ﬁlm samples are optically excited to generate excitons, and the
photoluminescence decay of the excitons is measured to give an
indication of the rate of exciton dissociation taking place within
the blend. The time-resolved photoluminescence of the ﬁlms was
measured using a synchroscan streak camera from Hamamatsu
Photonics, giving temporal dynamics from 5 ps to 2 ns. The samples
were excited at 400 nm with the frequency doubled output of a Ti:
Sapphire oscillator, with a pulse width of 100 fs (FWHM), a
repetition rate of 80 MHz and excitation powers kept low (<5 mW)
in order to prevent exciton–exciton annihilation caused by
comparatively high excitation intensities.Fig. 2. Normalised time-resolved ﬂuorescence decays obtained from streak camera for
ranging from 0 to 50% by mass.3. Results and discussion
The absorption spectra of P3HT and the fullerenes PC61BM and
PC71BM are given in Fig. 1 alongside the steady state ﬂuorescence
measured from P3HT. Time-resolved ﬂuorescence measurements
of pristine P3HT ﬁlms (without fullerene) and P3HT blends with
increasing amounts of fullerene are shown in Fig. 2 for PC61BM and
Fig. 3 for PC71BM. For both fullerenes, the ﬂuorescence decay gets
faster as the concentration of fullerene rises. The blends prepared
with the additive DIO show qualitatively similar results to as-cast
blends. The photoluminescence (PL) intensity I is proportional to
the density of excitons in P3HT. The measurements were
conducted at low excitation densities so that the decay rate of
excitons in the pristine ﬁlm was proportional to the exciton density
of a blend.
dIpristine tð Þ
dt
¼ kIpristine tð Þ ð1Þ blends of P3HT:PC61BM as cast and with additive, comprising ratios of fullerene
Fig. 3. Normalised time-resolved ﬂuorescence decays obtained from streak camera for blends of P3HT:PC71BM as cast and with additive, comprising ratios of fullerene
ranging from 0 to 50% by mass.
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ﬁlm. In the blend there is an additional fullerene—induced decay
with a rate constant kq
dIfilmblend tð Þ
dt
¼ kIfilmblend tð Þ  kq tð ÞIfilmblend tð Þ ð2Þ
By merging Eqs. (1) and (2) we obtain
kq ¼  ddt ln
Ifilmblend
Ipristine
  
ð3Þ
which shows that the rate constant kq can be extracted by taking
the derivative of the logarithm of the ratio of the PL intensity
measured in a blend with fullerene molecules Ifilmblend and the PL
intensity of a pristine ﬁlm Ipristine. This logarithmic ratio is shown in
Fig. 4 for selected blends. At low concentration of the fullerene (2%
by weight) the quenching rate is not affected by DIO for bothfullerenes. In the blends with a large fraction of PC61BM the
addition of DIO slows down the quenching, whereas the opposite
effect of DIO is observed for PC71BM. The kinetics of the ln(PL ratio)
are non-linear at high fullerene content indicating that the rate
constant of quenching decreases with time. The kinetics for other
fullerene concentrations are shown in the Supplementary infor-
mation.
Fig. 5 shows the quenching rate constants kq for as cast and
additive processed ﬁlm blends comprising fullerene concentra-
tions 0–0.45 nm3 (corresponding to mass ratios 0–55%). The
values for this plot were obtained by taking the reciprocal of the
time t at which the ln(PL ratio) = 1 (kq ¼ 1=t). In ﬁlm blends with
low fullerene concentrations between 0–0.04 nm3 (which corre-
spond to polymer-fullerene mass ratios of 0–5%) the rate constant
kq is proportional to the fullerene concentration Nc. This linear
dependence can be interpreted as the fullerene being fully
Fig. 4. Logarithm of ﬂuorescence decay ratios in polymer ﬁlm blends containing polymer- mass ratios of 2%, 5% and 50% by mass of PC61BM:P3HT (top) and PC71BM:P3HT
(bottom).
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concentration exceeds 0.04 nm3 (equivalent to a fullerene-
polymer mass-ratio of 5%) the increase in the value of kq becomes
sub-linear. This suggests that the fullerene molecules being added
to the blend beyond the point of phase segregation do not fully
intermix with the polymer. The slower rate at which kq increases
suggests that a segregated phase consisting of pure fullerene has
formed from aggregation of these additional fullerene molecules.
The aggregation of the fullerene molecules limits the extent of the
donor–acceptor interface at which the excitons dissociate as well
as controlling the size of the diffusion pathways for the excitons.
The segregated phase co-exists alongside the fully intermixed
polymer-fullerene. Incorporating the solvent additive DIO into the
blend shows an impact on the quenching rate constant kq for both
P3HT:PC61BM and P3HT:PC71BM after the fullerene concentrationhas exceeded the point of phase separation such that the
segregated phase has begun to form. This occurs most noticeably
at fullerene concentrations higher than 0.15 nm3 (corresponding
to 20% by weight of fullerene). In P3HT:PC61BM, the addition of DIO
is observed to cause a decrease in kq, which is attributed to poorer
mixing of the fullerene with the polymer than in ﬁlms of the same
composition prepared without DIO, implying that the fullerene
domain sizes are larger. In contrast DIO has the opposite effect on
kq in P3HT:PC71BM blends, suggesting a higher degree of mixing in
an additive processed ﬁlm, smaller fullerene domains (see also
Figs. S3 and S4 in Supporting information.)
In assuming that the fullerene clusters co-exist with the fully
intermixed polymer-fullerene phase, the quenching rate constant
kq is the sum of the rate of exciton quenching by the molecularly
dispersed fullerene in the intermixed phase and the rate of
Fig. 5. Quenching rates kq measured in blends of P3HT doped with PC61BM (top) and PC71BM (bottom), consisting of fullerene concentrations 0–0.45 nm3
(corresponding to ratios-by-mass of 0–55%.) The quenching rates are shown in red for ﬁlms processed with DIO added and in blue for ﬁlms without DIO.
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shown in Fig. 5 indicates that exciton quenching in the intermixed
phase is not affected by the solvent additive, but in the segregated
phase the additive does noticeably affect the quenching rates. This
is important for solar cell performance because electrons are likely
to get trapped on dispersed fullerene molecules and not extracted
to the electrode. In contrast, the segregated fullerene phase can
provide the electron percolation pathways through the blend and
therefore a high degree of phase segregation is desirable for device
performance. Large-scale phase segregation, however, can be
detrimental to solar cells because not all excitons would be able to
reach an interface between electron donor and acceptor and togenerate charge carriers. Many studies have shown that the degree
of phase separation and therefore the solar cell performance
depends very strongly on the blend morphology.
We can estimate the exciton quenching rate upon an encounter
with dispersed fullerene molecules by ﬁtting the PL quenching to
the Smoluchowski–Collins–Kimball (SCK) equation which is given
in Eq. (4) [31].This equation expresses kq as a time-dependent
function of the exciton capture radius rc(distance from the centre
of a quencher at which an exciton is quenched), the exciton
diffusion coefﬁcient D and fullerene concentration Nc. In Eq. (4) kd
is the rate with which the excitons encounter the quencher
molecules, whilst ka is the rate at which they are then quenched.
Table 1
Values of quenching rate at the donor–acceptor interface calculated using the
values of kq shown in Fig. 5 for ﬁlm blends of mass ratios between 0 and 5%.
Film blend Quenching rate at interface ka(nm3ps1)
P3HT:PC61BM 0.219  0.010
P3HT:PC71BM 0.232  0.011
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kd ¼ 4prcD with the previously reported values rc = 1 nm for PCBM
molecules in P3HT matrix and the diffusion coefﬁcient D = 1.8
 103 cm2 s1 in P3HT [7,32]. This produces a value of
kd ¼ 2:3 nm3ps1. The ﬁnite rate of quenching at the interface
ka is obtained from ﬁtting the quenching rate kq for blends with
fullerene concentrations of 0–0.04 nm3 to the SCK equation
(ﬁttings are given in Figs. S1 and S2 of Supporting information)
while the fullerene molecules are fully dispersed in the polymer
matrix. The calculated values of ka for both PC61BM and PC71BM are
given in Table 1 with ka ¼ 0:219  0:010 nm3ps1 for PC61BM
molecules dispersed in P3HT and ka ¼ 0:232  0:011 nm3ps1 for
PC71BM in P3HT.
kq ¼ kaNcka þ kd
4karc
3
2
ka þ kd
ﬃﬃﬃﬃﬃ
kd
t
r
þ kd þ
ka þ kdð Þ2D
kdð Þ2rc2

kap2rc4ERFC
ka þ kdð Þ
ﬃﬃﬃﬃﬃ
Dt
p
kdrc
  !
ka þ kdð Þ2þ
16Dexp
ka þ kdð Þ2Dt
kdð Þ2rc2
  !
kap2rc4
ka þ kdð Þ2
 2ﬃﬃﬃﬃ
p
p exp ka þ kdð Þ
2Dt
k2dr2c
0
BBBBBBBBBBB@
1
CCCCCCCCCCCA
ð4Þ
The fact that ka is smaller by an order of magnitude than the
encounter rate kd predicted by a diffusion-limited model indicates
that the PL quenching is not diffusion-limited. In semi-crystalline
P3HT excitons funnel into the crystalline phase much faster before
they get quenched by dispersed fullerene molecules. Once excitons
are in the crystalline phase their quenching rate kq is much lower
than predicted by a diffusion-limited model for dispersed
quenchers. This suggests that the fullerene molecules are expelled
from the crystalline P3HT phase. These photophysical ﬁndings are
consistent with ﬁndings by XRD measurements carried out on ﬁlm
blends of P3HT with PCBM, suggesting that fullerene is not present
within the crystalline P3HT phase [33–35].
4. Conclusion
A detailed study of time-resolved ﬂuorescence quenching in
P3HT blends with PC61BM and PC71BM fullerenes was carried out,
with the observations being used to learn about the morphology of
blends with varying fullerene concentration. It was observed in
blends with up to 5% by weight of fullerene, that the polymer and
fullerene were intermixed, but at higher fullerene concentrations,
the additional fullerene formed a segregated phase of its own. The
high degree of phase segregation observed in these blends is
beneﬁcial for solar cell performance because the segregated
fullerene phase can provide electron percolation pathways through
the blend and so is desirable for device performance.
The effect of the additive DIO on exciton dissociation in the
blend was also investigated through observing its effect on
ﬂuorescence quenching. It was observed that the use of DIO to
prepare blends of P3HT:PC61BM caused slower quenching of the
excitons suggesting the formation of larger fullerene domains than
in blends prepared without DIO. In contrast, when P3HT is blended
with PC71BM (beyond the point of phase separation) exciton
quenching becomes faster, suggesting better mixing and smallerdomains. Overall these results show that the addition of DIO to the
solution used for spin-coating into the ﬁlms can be used to control
the rate of ﬂuorescence quenching and the morphology inside
photovoltaic blends. We also showed that the exciton quenching
rate in P3HT by dispersed fullerene molecules is an order of
magnitude lower than predicted by a diffusion-limited model for
dispersed quenchers, suggesting that there is no fullerene in the
crystalline P3HT phase.
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